Abstract. Landscape-scale gap-size frequency distributions in tropical forests are a poorly studied but key ecological variable. Currently, a scale gap currently exists between local-scale field-based studies and those employing regional-scale medium-resolution satellite data. Data at landscape scales but of fine resolution would, however, facilitate investigation into a range of ecological questions relating to gap dynamics. These include whether canopy disturbances captured in permanent sample plots (PSPs) are representative of those in their surrounding landscape, and whether disturbance regimes vary with forest type. Here, therefore, we employ airborne LiDAR data captured over 142.5 km 2 of mature, swamp, and regenerating forests in southeast Peru to assess the landscape-scale disturbance at a sampling resolution of up to 2 m. We find that this landscape is characterized by large numbers of small gaps; large disturbance events are insignificant and infrequent. Of the total number of gaps that are 2 m 2 or larger in area, just 0.45% were larger than 100 m 2 , with a power-law exponent (a) value of the gap-size frequency distribution of 2.22. However, differences in disturbance regimes are seen among different forest types, with a significant difference in the a value of the gap-size frequency distribution observed for the swamp/regenerating forests compared with the mature forests at higher elevations. Although a relatively small area of the total forest of this region was investigated here, this study presents an unprecedented assessment of this landscape with respect to its gap dynamics. This is particularly pertinent given the range of forest types present in the landscape and the differences observed. The coupling of detailed insights into forest properties and growth provided by PSPs with the broader statistics of disturbance events using remote sensing is recommended as a strong basis for scaling-up estimates of landscape and regional-scale carbon balance.
INTRODUCTION
Canopy gaps are the legacy of disturbance events in forest ecosystems and an ecological variable of importance since they influence species composition, forest structure, and carbon budgets (Denslow and Spies 1990 , Elias and Dias 2009 , Chambers et al. 2013 . Any forest can be regarded as a spatial mosaic of sites in various phases of gap dynamics, which change cyclically over time until reaching an equilibrium state (Whitmore 1989) . Multiple factors interact to control the frequency of forest canopy removal and the subsequent size of individual canopy gaps (Rowland and White 2010) , often resulting in a complex pattern of schematic gap dynamics (Torimaru et al. 2012 ). Tree mortality is the primary mechanism for gap formation, which might be related to the impact of senescence, wind blowdown, landslides, flooding, earthquakes, or disease (Schliemann and Bockheim 2011, Hicke et al. 2012) . These impacts differ in magnitude among sites and regions (Spies et al.1990, Kellner and Asner 2009) , and are intrinsically tied to spatial and temporal variability in site characteristics, such as topographic or edaphic variation, as well as forest type (Werneck and Franceschinelli 2004 , de Lima and de Moura 2008 , van Couwenberghe et al. 2010 . Disturbance histories apparent in stand structures and compositions may also alter with time in response to factors such as shifts in climate and anthropogenic activity (Kathke and Bruelheide 2010) .
There remains a range of ecological questions related to gap dynamics which requires information relating to the frequency, spatial distribution, and extent of gaps (Fisher et al. 2008 , Jansen et al. 2008 , Kneeshaw et al. 2011 ). In intact tropical forests studies of gap dynamics are particularly limited (Negro´n-Jua´rez et al. 2011 , Davidson et al. 2012 , principally because precise measurements of the structure and geometry of tropical forest canopies have not been available over sufficiently large areas (Kellner and Asner 2009) . Previous studies in these ecosystems have typically either focused on small scales and been based on costly, time-consuming, and subjective fieldwork (e.g., Baker et al. 2004 , de Lima and de Moura 2008 , Vepakomma et al. 2008 , or covered very large geographical areas, using medium spatial resolution (30-80 m) Landsat satellite sensor data (Nelson et al. 1994 , Garstang et al. 1998 , Espirito-Santo et al. 2010 , Negro´n-Jua´rez et al. 2010 . However, the emergence of airborne LiDAR remote sensing technologies (Asner 2010 , Gaulton and Malthus 2010 , Vehmas et al. 2011 , which can be used to measure canopy height at a level of detail commensurate with field plots but over large areas, now allows us to bridge the ''scale-gap'' between the measurement approaches of previous studies (Kellner and Asner 2009) . LiDAR-based studies would be of immense value in supporting theoretical developments concerning our understanding of the determinants of forest structure more generally (e.g., West et al. 2009 , Coomes et al. 2012 . In particular, they may provide insight into the debate concerning the role that intact tropical forests play as a carbon sink, estimated to equate to 1.1 6 0.3 Pg C/yr from 1990 to 2005 (Malhi 2010 , Pan et al. 2011 ). These estimates mostly originate from studies using long term (multi-decadal) permanent sample plots (PSPs) to monitor directly terrestrial carbon pools (Phillips et al. 1998 , Davidson et al. 2012 , which are scaled by the area of intact tropical forest. However, much criticism has been targeted at the scale-gap that exists between the coverage and size of these PSPs (e.g., 79 plots across African forests or 136 plots across the Amazonia [Phillips et al. 2009 ], all typically 1 ha in size) and the wider, perhaps more heterogeneous, landscape that they are seeking to represent, particularly since many of these plots were established for purposes other than carbon accounting (Chave et al. 2004 , Chambers et al. 2009 , Gatti et al. 2010 . A key issue is that PSP-based estimates may underreport forests undergoing natural disturbances, which alter forest stand structure and decrease living aboveground biomass almost instantaneously , Kellner and Asner 2009 , and as such, it has been argued that carbon balance measurements using biometric measures acquired in the PSPs will almost always determine a net carbon uptake, since growth is slow and continuous, whereas disturbance and mortality are rarer and largely stochastic (Ko¨rner 2003 , Feeley et al. 2007 .
A pertinent requirement is the measurement of canopy disturbance over large geographical areas, at an appropriate spatial resolution of sampling, to understand the gap dynamics of these forests ). This would afford the assessment of whether disturbances captured in the PSPs are representative of those in their surrounding landscape. Moreover, this could be coupled with the question of whether disturbance regimes vary with forest type. In this study we use airborne LiDAR data to quantify the gap-size frequency distributions, a key descriptor of gap dynamics, across a landscape in the southern Peruvian Amazon, centered on the Tambopata National Reserve (Reserva Tambopata). The LiDAR data afforded a detailed analysis of the intact forests comprising one part of the area sampled by the RAINFOR PSP network (Malhi et al. 2002) . The plots at this site are noteworthy for their high rates of biomass accumulation and this has led to some criticism of their use for inferring larger-scale patterns (Clark 2002 , but see Phillips et al. 2002) . Although a relatively small area of the total forest of this region was investigated here, this study presents an unprecedented assessment of this landscape with respect to its gap characteristics, which is particularly pertinent given the range of forest types present in the landscape.
DATA AND METHODS

Study area
Our study site is situated along the Rio Tambopata in the Department of Madre de Dios in southeast Peru ( Fig. 1) and covers an area of 142.5 km 2 (19 3 7.5 km) and is centered approximately on Explorer's Inn (12850 0 2 00 S, 69817 0 45 00 W), where the rivers Tambopata and La Torre meet. The forests here are predominantly undisturbed (by direct anthropogenic activity) and mature (Myers et al. 2000) , and the area lies at the boundary between the Tambopata National Reserve and its protective Buffer Zone, in which sustainable use of forest resources is granted .
Within this landscape are seven RAINFOR PSPs which represent the southern Peruvian Amazonian landscape (Fig. 2) . In the field, GPS readings have been taken for each of the four corners of the plots on multiple occasions to determine the location of each corner. Plot locations were also validated against the location of large trees visible in an IKONOS satellite panchromatic image with 1-m spatial resolution, acquired in 2001 (Anderson et al. 2009 ). According to Anderson et al. (2009) all the plots are located within terra firme forests, with the exception of TAM-03/04, which is located in a swamp region corresponding to an old channel of the La Torre River. Plots TAM-01, TAM-02, and TAM-06 are located on alluvial terrain at lower elevations within the study area (below 222 m). The forest in these three plots has a more open canopy with a lower mean wood density value and mean values of aboveground biomass and wood productivity than forests in plots TAM-05, TAM-07, and TAM-08.
Airborne LiDAR data
Airborne LiDAR data were acquired on 7 June 2009 using a Leica ALS50 II system; Leica Geosystems, Heerbrugg, Switzerland (Table 1 ). The Leica system recorded multiple (i.e., up to four) returns per laser pulse across the study area, totaling 291 million returns with an average density of 2.1 returns/m point clouds generated revealed numerous LiDAR returns per tree crown. This density of returns was deemed suitable for this study, given that the objective was to sample the presence of trees and associated height statistics rather than to model the canopy structure precisely. The point cloud data were separated into ground and nonground (i.e., vegetation) hits based on the algorithm of Axelsson (2000) which is implemented in TerraScan software (Terrasolid Limited, Helsinki, Finland) . The ground hits (totaling 3.0% of returns) were subsequently interpolated into a 2-m spatial resolution Digital Terrain Model (DTM, Fig. 3 ) after applying an Inverse Distance Weighting algorithm. A Digital Surface Model (DSM, Fig. 3 ) was created of the maximum return elevation value per grid cell, and this was normalized to aboveground height using the DTM to create a Canopy Height Model (CHM, Fig. 3 ). This latter process was carried out at two spatial resolutions: 1 m for a 24-km 2 area comprising the immediate landscape surrounding the PSPs, and 2 m for the entire 142.5-km 2 study area, i.e., the wider landscape. This approach was taken since only 55.9% of 1-m grid cells have a first return (excluding the water bodies) compared with .99.9% at 2-m grid cell size. The 2-m CHM comprised the maximum LiDAR return per cell, whereas the 1-m CHM was based on a thin-plate spline interpolation (using tension) of the maximum LiDAR return in each populated cell. Taking this into account, we conducted analyses for three nested geographical scales for subsequent analyses: the PSPs themselves (at 1-m resolution); their immediate landscape examined at a detailed spatial resolution (at 1-m resolution); and the wider landscape (at 2-m resolution) surrounding the PSPs. At each scale of coverage, the proportion of each forest type will differ, affording a further insight into how disturbance regimes alter across space due to forest type variability.
Zonation of forest classes using LiDAR data
Tropical forest environments are often highly heterogeneous with respect to structure, composition, microclimate, and underlying topographic properties such as elevation, soil type, and hydrology. Since such heterogeneity could give rise to different disturbance regimes, the study area was stratified into four main forest classes (Fig. 3) . The four forest classes (plus two nonforest classes) were mapped from the models derived from LiDAR data (CHM and DTM) and guided by a forest type map generated using a 30-m spatial resolution Landsat 5 Thematic Mapper scene (Foody and Hill 1996, Hill 1999) .
Three mature forest classes were mapped which related to distinct natural landscape terracing (see Plate 1). The mature forest classes were identified as occurring (1) below 216 m elevation: i.e., lower-middle floodplain forest and terra firme forest on clay soil on a lower terrace (area total of 33.97 km 2 ); (2) between 216 and 222 m: i.e., upper-old floodplain forest and terra firme forest on clay soil on a middle terrace (area total of 16.15 km 2 ); and (3) above 222 m: i.e., terra firme forest, predominantly on sandy soil, on an upper terrace (area total of 48.53 km 2 ). The floodplain forest is tall and dense with a diverse canopy and frequent emergent trees. Toward the upper floodplain areas, palms are prominent in both the subcanopy (Iriartea deltoidea and FIG. 2. The distribution of the seven RAINFOR Permanent Sample Plots (PSPs) which represent the southern Peruvian Amazonian landscape. Note that this area is the same as that denoted by the box with the blue outline in Fig. 3 and that plot locations (latitude, longitude) are listed in Table 2 . , included all examples of nonmature forest, undivided by elevation range or individual forest type (i.e., swamp forest or postdisturbance regeneration). The swamp forests are dominated by the palm Mauritia flexuosa, while other tree species typically present includes Luehopsis hoehni and Euterpe precatoria. Here, the canopy tends to be low and fairly open, with a typically dense understory, often with stands of bamboo (Guadua spp.) (;3-5 m in height). Regenerating forest on areas abandoned from swidden agriculture is dominated by species such as Gynerium sagittatum, Cecropia spp., and Ochroma pyramidale.
Each of the four main forest classes are present across the PSPs: TAM-01 is composed of mature forest at elevations between 216 and 222 m with some swamp/ regenerating forest; TAM-02 is composed wholly of mature forest at elevations between 216 and 222 m; TAM-03/04 is a mixture of swamp and mature terra firme forest; TAM-05 has mature forest at elevations above 222 m, as has TAM-07 and TAM-08; and TAM-06 is composed of mature forest at elevations below 216 m.
DATA ANALYSIS
The three nested geographical areas (i.e., the PSPs, the immediate landscape, and wider landscape) were investigated to characterize the canopy structure and disturbance regime by generating canopy height distributions and gap-size frequency distributions from the LiDAR CHM raster data sets. An overview of canopy height distributions and associated descriptive statistics was generated for each of the PSPs (from the 1-m resolution CHM data set) and each of the four forest classes across the wider study area (from both the 1-m and 2-m resolution CHM data sets). Emulating Kellner and Asner (2009) , canopy gaps, taken to indicate all types of disturbance, were defined as holes in the forest canopy extending down to a defined height above ground. By applying a height threshold to the LiDAR CHM data sets, an output layer of single or groups of contiguous grid cells was produced from which the (1) number of gaps; (2) size of gaps; and (3) gap-size frequency distributions, according to forest class and gap definition (i.e., height threshold applied), were generated for the study area. Any gaps at the edge of the spatial sampling frame were removed from analyses, apart from when analyzing the PSPs. In the latter case the full gap beyond the edge of the PSP was included for completeness.
The gap-size frequency distributions were then analyzed to (1) describe any disturbance in the PSPs and compare these to their surrounding landscape, and (2) examine any difference in disturbance regimes as a function of forest type. This was conducted by evaluating the power-law exponent (a), which is a distribution parameter that can be used to describe the relationship between gap size and frequency across the landscape (Kellner and Asner 2009) . At low values of a, such as 1, the slope of the power-law distribution is shallow, meaning large-scale disturbance events are relatively frequent, and the average disturbance is large. As a increases, toward a value of 3 and beyond, the majority of disturbances occur in smaller gaps (Fisher et al. 2008) .
In this study, the goodness-of-fit-based method, described in Clauset et al. (2007) , was employed to calculate the parameters of the power-law distribution:
The exponent, a, as estimated for each possible choice of x min via the method of maximum likelihood, and the Kolmogorov-Smirnov goodness-of-fit statistic D were calculated. The value of x min that gave the minimum value of D was selected as the final value for a. To determine the uncertainty in our estimates of a, for each gap-size distribution we repeated this procedure for 200 gap-size distributions resampled from the original data. Significant differences in the magnitude of the powerlaw exponents between data sets were assessed using the 95% confidence limits calculated from the distribution of values of a derived from the resampled data. Intervals that did not overlap were considered statistically different.
As stated by Kellner and Asner (2009) , the expression of gap size as the number of grid cells within each canopy gap affects the shape of the gap-size frequency distribution, but allows correct estimation of the powerlaw exponent. Here, comparisons were only made between the power-law exponents that had been generated from the same CHM data set (to circumvent any errors that may arise as a result of interpolation to different spatial resolution rasters from the original point cloud LiDAR data). Consequently our comparisons focus on (1) the PSPs vs. the immediate landscape and (2) the immediate landscape vs. the wider landscape. In addition, comparisons between the two raster resolutions available at the immediate scale are also drawn. These comparisons were also conducted between forest types where appropriate data allowed (i.e., not at the PSP scale since statistical assumptions would be violated). Prior to the generation of gap-size frequency distributions, consideration was given to gap definition. The commonly used definition by Brokaw (1982) , in which a gap is the ''opening in the forest extending down through all foliage levels to a height of 2 m above ground,'' would be appropriate here since we are interested in quantifying the lack of trees rather than processes that gaps promote (i.e., change in microclimate [Schliemann and Bockheim 2011] ). The Brokaw definition has been used in many subsequent studies (e.g., Uhl et al. 1988 , Gravel et al. 2010 ). However, argued that few disturbance events produce openings that extend to the 2-m height threshold. Thus in the Kellner and Asner (2009) study of gap-size frequencies of five tropical rain forest landscapes in Costa Rica and Hawaii also using LiDAR data, they quantified the size and number of gaps within 1-m vertical profiles from the ground throughout the canopy. Accordingly, we plot the gap-size frequency distributions and their corresponding a values of all the identified canopy gaps from the 1-m raster CHM data set for the seven PSPs for 1 m incremental height thresholds from 1 to 10 m (inclusive) above ground, giving a perspective from both the ground level and well within the canopy. For comparison, this was also conducted for the 2-m raster CHM across for the wider landscape area.
RESULTS
Canopy height frequency distributions
Distributions of canopy height from the 1-m resolution LiDAR CHM data set for the seven PSPs are displayed in Fig. 4 , and associated descriptive statistics in Table 2 (TAM-08) . The PSP, TAM-03/04, which is located within swamp/regenerating forest, has a canopy with an average height shorter than seen in the other plots, at 22.2 m. These LiDARderived height distributions are supported by field observations undertaken in the PSPs, with the caveat of the differences in scale of the field observations and LiDAR acquisition, the challenge in co-locating the two, and that the two sets of height measures have different sources (van Leeuwen and Nieuwenhuis 2010). We are not seeking to validate the LiDAR CHM with the field measurements. However, Table 3 documents the mean heights and their standard deviations for clinometermeasured heights for a selection of trees based on stratified random sample of trees in the 10-19 cm; 20-29 cm; 30-39 cm and 40þ cm diameter classes in each plot, chosen prior to plot mensuration based on previous census data. It is evident that the range of height measurements captured by the LiDAR corresponds to those measured in the field; direct comparison is not appropriate as two sets of height measures have been sampled differently.
Height distributions for the trees in the PSPs also correspond to the canopy height distributions and summary statistics observed from the 2-m raster CHM of the wider landscape at Tambopata. If the focus is on each of the four forest classes, it is evident that there is a difference in canopy height distributions between the forest types, particularly between the swamp/regenerating and mature forests (Fig. 5 ). The mature forest had the tallest and most structurally diverse canopy and a broader distribution of canopy height than was the case for the swamp/regenerating forests. The mature forest on the lower terrace below 216 m had the broadest height distribution, with a mean height of 28.3 6 7.3 m (mean 6 SD), the modal height at 27 m, and a maximum canopy height of 57 m. The middle terrace (216-222 m elevation) mature forest had a mean height of 26.5 6 6.2 m, the modal height of 26 m, and a maximum canopy height of 57 m. The mature forest on the upper terrace above 222 m had a mean height of 25.0 6 6.3 m, with the modal height at 25 m and a maximum canopy height of 53 m. The swamp/regenerating forests have the shortest canopy, which can be described as the most structurally homogeneous, as was seen in the height distributions for PSP TAM-03/04, which comprise these forests. Maximum canopy height for these swamp/regenerating forests across the wider landscape was 19 m, having an average of 18.3 6 6.1 m and a modal height class of 19 m.
Canopy gap-size frequency distributions
Initial examination of gap-size frequency distributions for the PSPs indicates that the power law was a reasonable fit to the data above the smallest gap-size classes. Across the PSPs, 71 gaps were identified using the 1 m height threshold, with the taller height thresholds (2 m through to 10 m) identifying more gaps and larger gaps (e.g., 188 and 431 gaps at the 5 m and 10 m height thresholds, respectively). The gap-size frequency distributions for the PSPs at all the height definitions assessed revealed a disturbance regime where the balance of disturbance events occured in the smaller gaps (Fig. 6a) , with power-law exponent alpha values ranging from 2.5 for the 1 m height threshold through to 1.74 for the 10 m height threshold. The computed a and 95% confidence limits for each of the height thresholds reveal that though the power-law exponent was higher for the 1 m height threshold definition than for the remainder of the height thresholds, the other values are not statistically different. This pattern was also evident for the gap-size frequency distributions for the wider landscape at all height definitions (Fig. 6b) , with a slightly larger alpha value computed for the 1 m height definition (a ¼ 2.6) than for the other height definitions, but with no statistical difference seen in alpha values with height definition. Consequently, subsequent analyses employed the frequently used Brokaw definition of a 2 m height threshold to define a gap and thereby characterize the mortality and disturbance regimes across the landscape.
Employing the 2 m height threshold as the definition of a gap identified a total of 111 canopy gaps across the PSPs and 63 973 canopy gaps in the 24-km 2 area of the landscape immediately surrounding and including the 7 PSPs, as captured using the 1-m raster CHM data set. In areal extent, these gaps represent just 0.87% and 1.1% of the respective forested areas under study. The largest gap found in the PSPs was 68 m 2 , and in the immediate landscape, was 674 m 2 . Focusing on a gap size of !100 m 2 (since it is gaps of these sizes that are of most importance for carbon dynamics [Negron-Jua´rez et al. 2011]) , it is evident that this immediate landscape has very few large gaps, with 99.65% of the total number of gaps smaller than this. In both the PSPs and immediate landscape, the larger gaps were present in the regenerating/swamp forest class. A similar pattern was observed with the 2-m raster CHM data set, which revealed 20 475 gaps across the wider landscape, with a maximum gap size of 668 m 2 ; just 0.45% of the total number of gaps was .100 m 2 in size.
FIG. 4. Height frequency distributions for the seven Permanent Sample Plots (PSPs) at Reserva Tambopata from the 1-m resolution LiDAR Canopy Height Model (CHM).
October 2013 1595 TROPICAL FOREST DISTURBANCE REGIMES As Fig. 7 illustrates, the gap-size frequency distributions of these canopy gaps in the three nested geographical scales (at both CHM spatial resolutions) followed power laws, with the goodness-of-fit tests indicating that the power-law exponent a value adequately modeled the data. Examination of the 1-m raster resolution CHM computed a larger a value for the gapsize frequency distribution for the immediate landscape (a ¼ 2.27) than for the PSPs (a ¼ 1.99). However, the statistical comparison of a values (Table 4) demonstrated that there was no statistical difference in the powerlaw exponents for both geographical scales. For both the PSPs and the immediate landscape it is evident that gaps are highly distributed with the majority of gaps having a small size; very few large gaps are evident.
Examination of the 2-m spatial resolution CHM data set allowed the comparison of gap-size frequencies across the much wider landscape compared to the immediate landscape occupying the PSPs. The exponent of the gap-size frequency distribution was 2.22 for the wider landscape: not significantly different from the value for the immediate landscape using the same CHM (2.05; Table 4 ). As seen with the 1-m raster CHM data, it is evident that in the wider landscape the balance of mortality events occurs in the smaller gap-size fractions. Since the disturbance regimes are similar between the immediate and wider landscape and the immediate landscape is similar to that of the PSPs, we infer that the PSPs are representative of the wider landscape.
Partitioning the wider landscape by the four forest classes illustrates a difference in disturbance regimes. It is evident, from both the 1-m and 2-m resolution CHM data, that the gap-size frequency distributions reveal a relationship between gap size and frequency, with a shallower slope for the swamp/regenerating forest class with a lower a value than seen for the mature forest classes; many more large gaps are present in the swamp/ regenerating forests (Fig. 8 illustrates this for the 2-m raster CHM for the wider landscape). The mature forests have gap-size frequency distributions that show a landscape dominated by a large number of small gaps, and there is a slight increase in the a values for the distributions with an increase in elevation. However, as Table 4 reports, these values are not statistically different between the mature forest classes at the three elevations, but the mature forest on the upper terrace (i.e., elevations above 222 m) does differ statistically in its gap-size distribution to the swamp/regenerating forests. Table 4 also compares the power-law exponents for the gap-size frequencies in the interpolated rasters of different spatial resolutions across the immediate landscape as a whole, and partitioned by forest type. As would be expected, the 1-m resolution CHM captured more smaller gaps more frequently, as well as the larger gaps, than would otherwise occur if using a CHM created at a coarser spatial resolution (in this case 2 m). However, the resolution of the 2-m CHM did not significantly impact the observed power-law relationship vs. the 1-m CHM.
DISCUSSION
Our results demonstrate that at the point in time represented by the LiDAR remote sensing data, the PSPs at Reserva Tambopata had a similar canopy height and gap-size distribution as their surrounding forest (across a 142.5-km 2 area). Although a relatively small area in relation to the total forested area across the Madre de TAM-06  13  3  17  25  3  4  32  1  8  TAM-07  15  2  13  23  3  6  34  2  9  TAM-08  12  2  5  24  3  16  31  1  5  43  0  1 Dios region, the findings here add to previous work suggesting that these plots are located within an area of forests with a similar structure and type and disturbance regime to those forests present in the plots (Anderson et al. 2009 ). It is evident from the gap-size frequency distribution of the wider landscape and the high slope coefficient for the power-law relationship relating gap size to frequency that this area of forest is characterized by large numbers of small gaps, rather than medium-or large-scale disturbances. Very few gaps of .100 m 2 are present, which is particularly noteworthy since it is the larger gaps that are of particular importance for landscape-scale carbon dynamics (Chambers et al. 2013) .
The range of alpha values obtained (a ¼ 1.92 for swamp/regenerating forest across the wider landscape (at 2-m height definition) through to a ¼ 3.5 for mature forest at elevations .222 m across the immediate landscape) are similar to those obtained in other studies which also used maximum likelihood estimation (MLE). For example, Gloor et al. (2009) applied MLE to the Nelson et al. (1994) data derived from Landsat TM imagery across the Brazilian Amazon to compute a power-law exponent of 3.1. In a similar fashion, Lloyd et al. (2009) used the original data of Jans et al. (1993) to obtain a values of 1.9 to 2.7 for a climatic and vegetation gradient in the tropical moist forest of Tai National Park, Ivory Coast. In addition, from examining airborne LiDAR data captured across five tropical rain forest landscapes in Costa Rica and Hawaii, Kellner and Asner (2009) calculated a values ranging between 1.59 and 2.34 for three horizontal height classes (0-1 m aboveground; height of maximum expected gap size; height of the main canopy mode in the distribution of canopy). Importantly, in this landscape in Peru, all but one (swamp/ regenerating forest class) power-law exponent values calculated were above 2, which has been used as a cutoff point between disturbance regimes dominated by small events and those where large disturbances are more common and have a substantial impact on estimates of carbon balance (Fisher et al. 2008) .
The good fit of the power-law model to our gap-size frequency distributions supports the idea that this mature forest exhibits demographic and resource steady-state properties (Brown et al. 2004 , and that natural canopy gaps tend to be small in tropical forests (Jansen et al. 2008) . However, here a significant difference between the power-law exponents for the swamp/regenerating forests and the mature forests at higher elevations was evident. In contrast, previous studies of the gap-size frequency distribution of intact tropical forests have emphasized the similarity in the nature of the power-law relationships relating gap frequency to gap size among different forests, and therefore the similarity of processes that may lead to this structure (Kellner and Asner 2009 ). Here, the observed change in the exponent slope vs. a change in the y-intercept seen for the swamp/regenerating forests frequency graphs demonstrates that disturbance operates differently between the forest types. The swamp/regenerating forests have more small trees and a more open canopy than the mature forest classes . The disturbance regime of this forest type will vary differently from the other forests across space and time, and is probably dominated by die-back due to flooding, and a historical legacy of anthropogenic disturbances producing a gap-size frequency featuring more of the larger gaps (up to 1000 m 2 ). From this we realize that these lowland forests near the Tambopata and La Torre rivers will have different rates of turnover to the topographically elevated forests, and that disturbance events have different scales of impact (single-tree vs. patch losses) as well as consistency in their location. This is noteworthy for two reasons: the first relates to the scale of measurements, and highlights that the LiDAR approach afforded the range of gap sizes to be captured; and the second highlights that attention to the location of further plots with respect to forest type would be prudent in order to obtain nonbiased estimates of domain-wide changes in carbon storage.
Our LiDAR data map the instantaneous canopy structure of this landscape at a single point in time, which limits our ability to quantify definitively the effect of disturbance on the carbon balance of this landscape. Significant, large disturbance events may have occurred before or subsequent to this study, and may be a feature of this landscape over long time scales. Some insight into temporal trends might be possible using the different height thresholds for delineating gaps, although in this study, we show that there was little evidence of any difference in the gap-size/frequency distributions between different height thresholds. Analysis of Landsat sensor images of some regions of Amazonia has shown significant spatial clustering of large disturbance events (Espirito-Santo et al. 2010 , Negro´n-Jua´rez et al. 2010 . Precise estimates of the landscape-scale carbon balance would need to incorporate the return times of these events for this location, in conjunction with the statistics of disturbances that we compile here for this landscape.
As demonstrated in other forested environments (Bergen et al. 2009 , Gaulton and Malthus 2010 , Gleason and Im 2011 , Vehmas et al. 2011 , airborne LiDAR is an excellent method for the measurement of gap metrics, and here it is demonstrated that this system can also be used in the dense old-growth forest of the tropics with success. (Kellner and Asner [2009] is the only other study to have done so.) With the recent proliferation of LiDAR systems and the availability of full waveform data, their use should become more prevalent in the tropics. This would allow further monitoring of the disturbance regimes in these forests since these are likely to change with time. However, there are significant monetary and processing costs associated with this system. One way to reduce such costs is to capture at a lower point density in order to process to a coarser spatial resolution raster. This may have implications for the accuracy of derived data sets, although in this study it was the case that the power-law exponent a values obtained for the gap-size frequency distributions across the immediate landscape was robust to the resolution of the CHM (i.e., 1-m vs. 2-m raster). Although the actual number of gaps measured was smaller using the 2-m resolution raster, the power-law exponent was still generated with the accuracy of the 1-m raster CHM. For carbon accounting, the emphasis should be on capturing the large gaps, particularly given that when gap-size frequency distributions plot the number of events of a given size, the frequency of the rarest events will be estimated with less precision than the most common events (Kellner and Asner 2009) . Another approach could be to target the use of these LiDAR systems. Here it is evident that sampling by forest type would be prudent.
Coupling the detailed insights into forest properties and growth provided by PSPs with the broader statistics of disturbance events using remote sensing, provides a strong basis for scaling up estimates of landscape and regional-scale carbon balance (Anderson 2012) . Although the spatial extent under investigation in this study using LiDAR methods is the largest to date of gap-size distributions in intact tropical forests, further investigation would benefit from a larger geographical coverage. The synoptic view of forests afforded by remote sensing has the potential to achieve this and provide a standardized approach for characterizing forest properties with high spatial resolution and comprehensive spatial coverage (Ticehurst et al. 2007 , Garbulsky et al. 2010 . Furthermore, advances in image processing of moderate-resolution sensor data such as spectral mixture analyses of Landsat data will allow for smaller gap sizes to be revealed across a much larger region (Negro´n-Jua´rez et al. 2011 , Chambers et al. 2013 . A remote sensing approach would also build on the proposition first postulated by Watt (1947) that systems must be analyzed at multiple scales (cited by Schliemann and Bockheim 2011) , and would afford the measurement of any change to the carbon stocks and fluxes of these forests over relevant spatial and temporal scales (Saatchi et al. 2011 , Davidson et al. 2012 ).
CONCLUSIONS
By employing data from LiDAR remote sensing to quantify distributions of (1) canopy height and (2) gapsize frequency, it has been demonstrated that the landscape at Reserva Tambopata in southeast Peru is dominated by small gaps, with large gaps (.100 m 2 ) as a rarity, suggesting that large-scale disturbance events are uncommon and that this is a landscape (across a 142.5-km 2 area) dominated by a mature forest exhibiting demographic and resource steady-state properties. This pattern is observed right across the landscape that includes the PSPs which are part of the RAINFOR network of plots. There is evidence, however, of a difference in disturbance regime between the swamp/ regenerating forests and the mature forests, and it is concluded that the swamp/regenerating forests are dominated by die-back due to flooding and a historical legacy of anthropogenic impact. This is the first study of Amazonian forest disturbance using these remote sensing methods, and we recommend that this approach be transferred to other forests that PSPs are seeking to represent. By coupling the detailed insights into forest properties and growth provided by PSPs with the broader statistics of disturbance events using remote sensing, a strong basis for scaling-up estimates of landscape and regional-scale carbon balance can be achieved. PLATE 1. View across Reserva Tambopata, Peru, from a canopy tower at Posada Amazonas Lodge (see Fig. 1 ). The foreground shows mature terra firme forest on the upper terrace (above 222 m a.s.l.), and lower-middle floodplain forest on the lower terrace (below 216 m a.s.l.) can be seen on the far bank of the Rio Tambopata. Photo credit: R. A. Hill.
